Summary We studied experimentally the effects of water availability on height and radial increment as well as wood density and tracheid properties of Norway spruce (Picea abies (L.) Karst.). The study was carried out in two long-term N-fertilization experiments in Southern Finland (Heinola and Sahalahti). At each site, one fertilized and one control plot was covered with an under-canopy roof preventing rainwater from reaching the soil. Two uncovered plots were monitored at each site. The drought treatment was initiated in the beginning of growing season and lasted for 60-75 days each year. The treatment was repeated for four to five consecutive years depending on the site. Altogether, 40 sample trees were harvested and discs sampled at breast height. From the discs, ring width and wood density were measured by X-ray densitometry. Tracheid properties were analysed by reflected-light microscopy and image analysis. Reduced soil water potential during the growing season decreased annual radial and height increment and had a small influence on tracheid properties and wood density. No statistically significant differences were found in the average tracheid diameter between the drought-treated and control trees. The average cell wall thickness was somewhat higher (7-10%) for the drought treatment than for the control, but the difference was statistically significant only in Sahalahti. An increased cell wall thickness was found in both early-and latewood tracheids, but the increase was much greater in latewood. In drought-treated trees, cell wall proportion within an annual ring increased, consequently increasing wood density. No interaction between the N fertilization and drought treatment was found in wood density. After the termination of the drought treatment, trees rapidly recovered from the drought stress. According to our results, severe drought due to the predicted climate change may reduce Norway spruce growth but is unlikely to result in large changes in wood properties.
Introduction
In Fennoscandia, Norway spruce (Picea abies (L.) Karst.) is economically and ecologically one of the most important tree species. Since Norway spruce has a long transpiring crown and a superficial root system, it is sensitive to changes in water availability (e.g., Puhe 2003) . Therefore, drought, combined with increasing temperature, may decrease the vitality of the species (Schlyter et al. 2006) .
In the Nordic countries, variation in annual radial increment of conifers is mainly related to summer temperatures (Mikola 1950 , Miina 2000 , Mäkinen et al. 2003 . This is in accordance with the observation that temperature has a strong effect on assimilate and phytohormone production in needles (e.g., Korpilahti 1988) . In some tree-ring studies in Southern and Central Finland, changes in radial increment of Norway spruce have also been related to precipitation (Henttonen 1990 , Mielikäinen et al. 1996 , Mäkinen et al. 2001 ). In experimental studies in Sweden, increased availability of soil water increased dry mass production and volume growth of Norway spruce (e.g., Nilsson 1997 , Bergh et al. 1999 .
Soil water potential is an informative water stress indicator since it indicates how much soil water is available for trees (Kramer 1988 , Schulte 1992 . Many physiological processes in trees, such as stomatal conductance and cell growth, are typically described as a function of water potential (Taiz and Zeiger 2002) . Low water potential affects xylem formation both directly and indirectly. Cell expansion and cell wall synthesis are directly related to the water status of the cell (Hsiao 1973) . Cell expansion is a cell-turgidity-driven process, which is closely connected to water potential (e.g., Cosgrove 1981 , Taiz 1984 , Wei and Lintilhac 2007 . For example, in drought-stressed Japanese cedar (Cryptomeria japonica D. Don), cell expansion was inhibited at an early stage of drought stress Nakai 1999, Abe et al. 2003) . When drought stress became more severe, cell division was also inhibited Nakai 1999, Abe et al. 2003) . Indirectly, low water potential reduces auxin and carbohydrate synthesis and phloem transport to the cambium (e.g., Hall and Milburn 1973, Hölttä et al. 2006) , thus reducing cambial activity and xylem formation (Sauter 2000) .
In boreal forests, tree growth is generally limited by low nitrogen (N) availability (Tamm 1991, Jarvis and Linder 2000) . Therefore, N fertilization normally increases tree growth (Bergh et al. 1999 , Ingerslev et al. 2001 , Saarsalmi and Mälkönen 2001 . Because improved nutrient availability increases foliar biomass and further water uptake and transpiration, increased N availability through deposition or fertilization is likely to increase the sensitivity of trees to drought stress (Linder et al. 1987 , Nilsen 1995 , Schlyter et al. 2006 . Indeed, some studies have shown that in older N-fertilized stands drought has decreased tree growth more than in unfertilized stands (Linder et al. 1987 , Nilsson 1997 , Bergh et al. 1999 .
Climate change scenarios for Fennoscandia indicate that the frequency and magnitude of extreme climate events, such as summer drought, may increase (Kjellström 2004 , Schär et al. 2004 , IPCC 2007 . In Norway spruce stands, prolonged dry periods have been suggested to lower the stomatal conductance and thus limit carbon uptake and tree growth (e.g., Phillips et al. 2001) . Based on these considerations, it is important to understand the effects of drought and long-term N availability on increment and wood properties.
The aim of this experiment was to study the effects of artificially induced drought on radial and height increment, wood density and tracheid properties of mature Norway spruce trees grown under controlled N availability. The hypotheses were that severe drought during growing season would decrease the radial and height increments, increase wood density and result in the formation of smaller tracheids with thicker cell walls. It was also hypothesized that fertilized Norway spruce trees would be more sensitive to drought due to their shallow root system and higher shoot-root ratio than 633 (1962-1992) 1014 (1961 -1997 ) Years of fertilization 1962 , 1967 , 1972 , 1977 , 1982 , 1987 , 1992 1961 , 1966 , 1971 , 1976 , 1981 , 1986 , 1997 Years of thinning 1968 , 1977 , 1992 1967 , 1972 , 1982 , 1992 28.6, 29.3, 28.4, 28.9 25.0, 24.9, 25.9, 26 .0 1 Degree-days, temperature sum defined as accumulated difference between daily mean temperature (°C) and 5°C (Ojansuu and Henttonen 1983 ).
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H 100 , dominant height (m) at the age of 100 years (Vuokila and Väliaho 1980). 4 At the establishment of the drought treatment in 1999 in Heinola and 1998 in Sahahti. 5 In Heinola in 1992 and in Sahalahti in 1997.
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Nitrogen was first added as ammonium sulphate, then as urea and later as ammonium nitrate with dolomite. unfertilized trees. The experimental set-up of this study was the same used in an earlier study investigating the effects of drought on nitrogen and carbon transformations in the soil of the same stands (Smolander et al. 2005 ).
Materials and methods

Drought experiments and sampling
The study was carried out at two mature Norway spruce stands located in Heinola (61°13′ N; 26°00′ E) and Sahalahti (61°26′ N; 24°24′ E) in Southern Finland (Table 1) . The stands were located on highly fertile and fertile mineral soil, i.e., Oxalis-Maianthemum (OMaT) and Oxalis-Myrtillus (OMT) forest site type (Cajander 1949) in Heinola and Sahalahti, respectively. The stands had been regenerated in 1932 and 1936, and long-term fertilization experiments were established in 1962 and 1961 in Heinola and Sahalahti, respectively (Table 1) . Two fertilized (F 1 ) and two unfertilized (F 0 ) plots (30 × 30 m) were selected in Sahalahti in 1998. In Heinola, one fertilized (F 1 ) and one unfertilized ( The 'artificial drought' treatment was started in spring before the beginning of the growing season, and it lasted for 60-75 days each year ( Table 2 ). The treatment was repeated for four (Heinola) or five (Sahalahti) consecutive years (Table  2) , and the recovery of the trees was monitored for 2 years after the drought treatment (2003) (2004) .
During the summers of 1999-2004, the soil moisture content was monitored by ThetaProbe ML 2 sensors (Delta-T Devices Ltd, UK) placed at a soil depth of 20 cm at two plots on each site. The moisture data were collected with data loggers (Campbell and Sarlin, Campbell Scientific, UK) . Soil water potential (Ψ s ) was calculated from soil water content using an empirical relation (Campbell 1974) :
where Ψ e is the air entry water potential (MPa), b is an empirical coefficient, θ is the volumetric water content (m 3 m −3 ) and θ sat is the water content at saturation (assumed to be equal to the total pore fraction of the soil). Values for the parameters above depend on soil type and can be estimated from soil particle size distribution (e.g., Rawls et al. 1982 , Saxton et al. 1986 ). The soil particle size distribution was measured, and empirical formulas from Saxton et al. (1986) were used to parameterize the water retention curve, i.e., Eq.
(1). The measured clay and sand content in Heinola and Sahalahti and the resulting parameter values are shown in Table 3 . In October 2004, 40 sample trees, i.e., five trees per each treatment combination both in Heinola and Sahalahti, were selected among the dominant trees in the middle of each plot. In mature Norway spruce, the lateral coarse roots were found to extend an average of 8.7 m from the tree stem (Kalliokoski et al. 2008 ). Thus, it was assumed that most of the roots of the sample trees in the drought treatment plots did not extend far beyond the under-canopy roofs. For each tree, stem diameter at breast height, tree height and annual height increments were measured (Table 1) , and a sample disc was sawn at breast height (1.3 m). The discs were placed in plastic bags and stored at −20°C until further processing.
Measurements of wood density and radial increment
Wood density and annual radial increments were measured with X-ray densitometry (Saikku 1975) . For the measurements, 8 cm thick wedges were sawn from each sample disc. The wedges were air-dried for 6 months, and, thereafter, samples (5 × 5 mm) were sawn along the south radius of each wedge. Since Norway spruce wood contains only ca. 1% resins (Hakkila 1968) , no extractions were performed. To adjust moisture content to 12%, the samples were kept at 20°C and relative humidity 65% for 3 weeks. The samples were then placed on a film and X-rayed for 5 min (16 kV, 20 mA, at a distance of 2.5 m). Films were scanned, and a continuous wood-density profile (i.e., weight density, 12% moisture content, g cm −3 ) for each sample was measured using WinDendro™ software (version 6.4, Regent Instruments Inc., Québec, Canada). The measured grey levels were converted to wood density by using a plastic step wedge of known physical and optical density as a standard. The resolution of the captured images was 21.18 μm pixel −1 (256 grey levels). For each annual ring, a transition point (TP) between earlywood and latewood was separately defined as follows:
where MaxD and MinD were the maximum and minimum densities of the annual ring, respectively. When examined visually, the factor 0.3 was found to have the best fit to the captured images. For each annual ring, arithmetic mean values for ring density (RD), early-(ED) and latewood densities (LD), minimum (MinD) and maximum (MaxD) densities, as well as ring width (RW) and latewood proportion (LW%) were calculated. To study the intra-ring variation of RD, the relative position of each pixel within an annual ring was determined, and each ring was divided into ten parts of equal size, i.e., the relative distance from the beginning of an annual ring was 10%, 20%,…, 100%.
Measurements of tracheid cross-sectional dimensions
For measuring cell wall thickness and tracheid and lumen diameter, a small wedge (3 × 3 cm) was sawn throughout each sampled disc along the north-south radius. The wedges were air-dried for 2 months. The transverse surfaces of the wedges were prepared with the ultra-precise diamond fly cutter equipped with air bearings (Kugler F500, Kugler GmbH, Salem, Germany; for method, see Spiecker et al. 2000) . Immediately after the surface preparation, the samples were positioned on a motorized moving frame having the step length of 200 μm (Physik Instrumente M-126.DG, Physik Instrumente GmbH & Co. KG, Karlsruhe, Germany). The samples were scanned along the south radius with a black-and-white CCD video camera (Sony XC 77CE, Sony Corp., Tokyo, Japan) attached to the reflected-light microscope (Zeiss Axiotech vario 25 HD, Carl Zeiss Inc., Jena, Germany) with the magnification of 50. The resolution of the captured digital images was 751 × 570 pixels and a pixel size of 0.358 μm (Spiecker et al. 2000) . The successive overlapping images were re-assembled to create seamless images over the treatment period and some years prior to and after it, i.e., annual rings 1997 to 2004.
The thickness of cell walls and lumen diameters were measured through each annual ring along three cell rows from early-to latewood. The transition between early-and latewood was determined by using the Mork's definition which states that a cell belongs to latewood when its radial double cell wall thickness is equal to or greater than half of its lumen diameter (Mork 1928 , Denne 1989 . The cell wall thickness (i.e., double cell wall thickness) was calculated as a sum of both radial cell walls, i.e., half of the widths of two adjacent double cell walls. The tracheid diameter was calculated as a sum of lumen diameter and the double cell wall thickness.
For each annual ring, the mean values were calculated for cell wall thickness and lumen and tracheid diameter. In addition, the proportion of cell wall material within each ring was determined as a ratio of the sum of cell wall thicknesses to the sum of tracheid diameters. Moreover, the tracheid dimensions were studied in relation to the distance from the beginning of the ring.
Analyses of data
The data from Heinola and Sahalahti were analysed separately due to differences in stand age and the year when the treatments were started. Covariance analysis for repeated measurements and nested data structure was used to analyse the statistical differences in height and radial increment, wood density and tracheid properties between the drought and fertilization treatments during the period of drought treat- (1999) (2000) (2001) (2002) and the recovery period (2003) (2004) . The dotted lines show the maximum error associated with the calculation of water potentials assuming that the soil water content and sand and clay content were known at 10% accuracy. Note the logarithmic scale. ment in -2002 in Sahalahti and 1999 -2002 in Heinola. Moreover, the differences between the treatments were analysed during the post-drought period in [2003] [2004] . The MIXED procedure of the SAS software, including both fixed and random effects, was used with the restricted maximum likelihood (REML) estimation (SAS Institute 2004) . The model applied to test the treatment effects was as follows:
where y is the dependent variable; μ is the general mean; D is the fixed effect of drought treatment; F is the fixed effect of fertilization treatment; Y is the fixed effect of calendar year;
β is a regression coefficient for covariate C pt ; p and t are the random plot and tree effects, respectively; and ε is an error term. It was assumed that the successive measurements from each tree were correlated. Thus, an autoregressive variance structure AR(1) was applied for the residuals (SAS Institute 2004).
The initial differences between the trees and treatments were removed by using a covariate (C pt ; i.e., continuous variable in Eq. (3)). In the cases of annual height increment, ring width and wood density, the arithmetic means of the lengths of five internodes, the widths of five annual rings and the wood density of five annual rings formed prior to the treatment (i.e., years 1993 -1997 in Sahalahti and 1994 in Heinola) were used as covariates. In the case of tracheid dimensions and the number of tracheids, the covariate was the arithmetic mean of the property in question (i.e., cell wall proportion, cell wall thickness, lumen diameter, tracheid diameter and the number of tracheids) in the ring formed prior to the treatment (i.e., year 1997 in Sahalahti and 1998 in Heinola). The relation of the covariate and the dependent variable was shown to be linear. The data were transformed logarithmically in cases where normalization of a skewed distribution was needed. In the case of significant treatment effect (P < 0.05), the differences between the different treatment combinations were tested by pairwise comparisons with Bonferroni's adjustment. 
Results
Drought treatment effects
Growth rate and latewood proportion On the drought treatment, soil water potential considerably decreased when the under-canopy roofs prevented the rainwater from reaching the soil (Figure 2 ). The lowest soil water potential (−4.6 MPa) was detected in 1999 in Heinola, while in Sahalahti the soil water potential was higher due to exceptionally deep snow cover during the winter 1998-1999. Also in 2002, low soil water potentials were detected in drought-treated plots at each site (−2.2 MPa in Heinola and −1.4 MPa in Sahalahti). Low precipitation in 2002 resulted in decreased water potentials also in the control plots (Figure 2) .
During the treatment period, drought significantly decreased annual height increment by 24-42% in Heinola Year. Table 5 . P values for tracheid properties in Heinola (H) and Sahalahti (S) as calculated over the drought-treatment period ( -2002 ( in Heinola and 1999 ( -2002 in Sahalahti).
DROUGHT EFFECTS ON WOOD FORMATION IN NORWAY SPRUCE
Source of variation Site Number of tracheids
Cell wall % Cell wall thickness Table 4 ). Height increment decreased both on the fertilized and unfertilized plots, and no significant differences were found between them.
On average, the drought treatment decreased ring width by 17-21% in Heinola and 11-19% in Sahalahti (Figure 3 ; Table 4). The effect of drought treatment was statistically significant in Heinola and almost significant in Sahalahti (Table  4) . No significant differences were found between the fertilized and unfertilized plots (Table 4) .
The latewood proportion was, on average, lower on the drought-treated plots (3 and 11% in Heinola and Sahalahti, respectively), but the drought effect was not statistically significant. In Sahalahti, there was, however, a drought-fertilization interaction (Table 4) .
During the drought-treatment period as a function of time, the differences in the height and radial increment between the drought-treated and control plots increased in Heinola. No such trends were found in Sahalahti (Figure 3 ).
Wood density In both Heinola and Sahalahti, the average wood density was slightly higher (0-5%) on the droughttreated than on the control plots, but the differences were not statistically significant (Figure 4 ; Table 4 ). On both sites, the drought treatment significantly increased earlywood density by 5-7%, both on the fertilized and unfertilized plots. The drought treatment also resulted in an increased minimum wood density in each ring by 5-8%, but the difference was significant only in Sahalahti (Table 4 ). In contrast, the effect of the drought treatment on latewood density and maximum wood density of each ring was small on both sites (0-4%; Table 4 ). Neither the fertilization effect nor the drought-fertilization interaction had a significant effect on wood density (Table 4) . Similarly, the drought and fertilization treatments resulted in no marked changes in the trend from the earlywood towards the latewood (Figure 4) . During the drought treatment, the differences in earlywood and minimum wood density between the drought-treated and control plots increased as a function of time in Heinola and Sahalahti (data not shown). No noticeable trend was found for the other wood-density variables (data not shown).
Tracheid properties In both Heinola and Sahalahti, the drought treatment significantly decreased (0.4-32%) the total number of tracheids in an annual ring (Table 5 ). In Sahalahti, the decrease was relatively larger on the fertilized than on the unfertilized plots, and the drought treatment significantly decreased the number of earlywood tracheids (1-23%; Table 5 ). In Heinola, the drought treatment also significantly decreased the number of earlywood tracheids (29-37%); however, the decrease in latewood tracheids (22-24%; Table 5 ) was not statistically significant.
Also, at each site the drought treatment significantly increased (6-18%) the proportion of cell wall material within an annual ring (Figure 4 ; Table 5 ). The higher proportion of cell wall was found both on the fertilized and unfertilized plots.
In Sahalahti, the average cell wall thickness was 7% higher for the drought treatment than for the control (Figure 4 , Table  5 ). In Heinola, the average cell wall thickness was even higher (10%) for the drought treatment, but the difference between the drought and control treatments was not significant (Table  5) . On each site, the cell wall thickness of earlywood tracheids was 1-11% higher on the drought than on the control plots, but the differences were not statistically significant (Table 5) . Similarly, the cell walls of latewood tracheids were 0-17% thicker in the drought compared to the control treatment, and the difference was significant in Heinola (Table 5) . Although a comparison between treatments showed an increased cell wall thickness in both early-and latewood tracheids, this difference was disproportionate and much greater in latewood (Figure 4 ). On average, the effect of the drought treatment on cell wall thickness was slightly lower (7%) on the fertilized plots than on the unfertilized plots.
On each site, neither the differences in the average and earlywood tracheid diameter nor in the average and earlywood lumen diameter between the drought and the control were sta- Table 5 ). In contrast, lumen diameters of the latewood tracheids were smaller (7-23%) in the drought treatment as compared to the control treatment, both on the fertilized and unfertilized plots (excluding the unfertilized plot in Sahalahti, where the drought treatment increased latewood tracheid diameter by 6%, data not shown). The drought effect was significant for latewood lumen diameter but not for latewood tracheid diameter (Table 5 ).
The differences in the number of early-and latewood tracheids, the cell wall thickness and the proportion of cell wall material between the drought-treated and control plots gradually increased at each site over the course of the experiment (data not shown).
Recovery from the drought treatment
During the recovery period (2003) (2004) , the average height and radial increment as well as the proportion of latewood were in most cases lower on the drought treatments compared with the control. However, these differences were not significant (Table 6) .
In wood density, no significant differences were found between the drought-treated and control trees during the recovery period (except maximum wood density in Heinola; Table  6 ). However, unlike during the drought-treatment period, most of the wood-density values were slightly lower (0-11%) for the drought-treated trees than for the control ones (Table 6) .
During the recovery period, significant differences were not found in either the total number of tracheids or in the number of early-and latewood tracheids between the drought-treated and control trees (Table 6 ). In addition, there were only small differences in the proportion of cell walls to tracheid diameter within an annual ring between the droughttreated and control trees (Table 6 ). The differences in the cell wall thickness and the tracheid and lumen diameter between the drought-treated and control trees were small (1-10%) and not significant on either the fertilized or unfertilized plots (Table 6) .
Discussion
Growth response to drought treatment
The soil water potential significantly decreased during the periods when the under-canopy roofs prevented the rainfall from reaching the soil. Also, soil hydraulic conductivity (not shown)-as calculated using an equation from Saxton et al. (1986) being very similar to Eq. (1)-decreased in the drought-treated plots from three to eight orders of magnitude during each growing season in comparison to the control plot at each site. Since the under-canopy roofs were built under the canopy, they had no effects on radiation regime in the canopy and only small impacts on other environmental variables, such as air and soil temperature, between the covered and uncovered plots (Smolander et al. 2005 ).
As expected, the decreased water availability reduced the annual height and radial increment. In Southern Finland, precipitation is considered a factor with significant effects on Norway spruce growth but mainly on drought-sensitive sites with a shallow and rocky soil (Mäkinen et al. 2001) . From the 1980s to 1990s in Southern Finland, early summer precipitation decreased constantly, and lower growth in Norway spruce stands was observed (Mielikäinen et al. 1996) . Similarly, in south-eastern Norway, Norway spruce was repeatedly affected by summer droughts during the early 1990s, which increased defoliation, foliage discoloration, cone formation and mortality (Solberg 2004) . In dry inner Alpine forests of Austria, the summer drought in 2003 reduced the growth of Norway spruce and Scots pine (Pinus sylvestris L.) by up to 35% (Pichler and Oberhuber 2007) .
Stomatal conductance, and therefore transpiration and photosynthetic production, are not typically affected until threshold soil water potential is reached (Irvine et al. 1998 , Zierl 2001 , Duursma et al. 2008 . Maier-Maercker (1998) found that stomatal conductance of Norway spruce was markedly decreased when soil water potential fell below −0.2 MPa. In our study, the soil water potential most probably decreased to a low enough level to cause a distinct effect on stomatal behaviour. However, it seems that even much higher soil water potentials may affect Norway spruce growth. In southwest Sweden, a light drought with soil water potential about −0.03 MPa reduced transpiration and growth of Norway spruce (Alavi 2002) .
After fertilization, transpiring foliage mass usually increases more than root mass (Nilsen 1995 , Pallardy et al. 1995 . Thus, it was expected that the fertilized trees would be more sensitive to limited soil water than the unfertilized ones. However, no significant drought-fertilization interaction was found for height and radial increment. In an N-addition experiment in Denmark, four successive drought years in the 1990s reduced the diameter and shoot growth and dry weight of current-year needles of mature Norway spruce, but no difference in the drought response was found between the N-fertilized and control plots (Gundersen 1998) .
The fertilization treatment of our study did not have a significant effect on height and radial increment, wood density or tracheid properties during the drought treatment and the recovery period. This is inconsistent with many earlier findings showing that in the boreal region N addition usually increases tree growth on mineral soils. In Finland, the greatest increase in Norway spruce growth has been observed on the sites of moderate fertility (Kukkola and Saramäki 1983) . The experiments of our study were on highly fertile or fertile sites, which may partly explain the small fertilization effect. The last fertilization took place six (in Sahalahti) or seven (in Heinola) years before the onset of the drought treatment. The growth increase following N addition lasts for ca. 10 years (Kukkola and Saramäki 1983) . The soil characteristics were studied at the beginning of the drought treatment in 1998 in Sahalahti and in 1999 in Heinola, and no marked differences in the C-to-N ratio were found between the fertilized and con-trol plots (see Smolander et al. 2005) . Furthermore, the stands of this study were already mature. On repeatedly fertilized spruce stands, the growth response to N addition has been shown to decrease with increasing stand age (Kukkola and Saramäki 1983) . Because of these factors, the fertilization effects on the stands in this experiment were small during the drought treatment.
Drought treatment effects on wood properties
The decrease of radial increment in response to the drought treatment was due to a smaller number of both early-and latewood tracheids. This was consistent with a slight change in the latewood proportion in the drought-treated trees. Results for this experiment also showed an increased cell wall thickness, higher proportion of cell wall material within an annual ring and, therefore, higher wood density in droughttreated trees, which is in accordance with the previous studies (Kozlowski and Pallardy 1997 , Bouriaud et al. 2005 , Park and Spiecker 2005 . Although a slight increase in tracheid and lumen size in earlywood was observed, it was small relative to the large decrease in these factors in the latewood.
Water availability is an important factor affecting cambial divisions and cell expansion. Water stress results in fewer and smaller new cells (e.g., von Wilpert 1991, Abe et al. 2003 , Rossi et al. 2009 ). In Southern Germany, Norway spruce trees at a dry and warm site had thicker cell walls and smaller radial cell diameters throughout the annual ring than trees at a cool and humid site (Park and Spiecker 2005) .
In our study, the difference in soil water potential between the covered and the control plots became evident after the middle of June through the first half of July. The increased stress towards the latter part of the growing season most likely explains the stronger drought impact on tracheid size and wall thickness in latewood than in earlywood. In central Europe, it has been shown that the radial growth rate and wood density of Norway spruce is rather stable during the first part of the growing season, even in the event of a drought, whereas latewood density and tracheid properties are more sensitive to the changes in weather conditions (Bouriaud et al. 2005, Park and Spiecker 2005) . Also, in Scots pine and pubescent oak (Quercus pubescens Willd.) at a xeric site in Switzerland, the cambium reacted more sensitively to drought in the later part of the growing season (Eilmann et al. 2006) .
It is also possible that the observed changes in xylem structure-mainly smaller latewood tracheids, thicker cell walls, and higher wood density-were an adaptive response to the drought in order to increase the mechanical strength of the xylem to withstand larger mechanical stresses induced by higher water tension due to the lowered water potential (Hacke et al. 2001) .
Recovery from the drought treatment
The drought-treated trees rapidly recovered from the drought stress. No significant differences in the radial and height increment, wood density (with exception of maximum wood density in Heinola) and tracheid properties were detected between the drought-treated and control trees during the 2-year recovery period after the drought treatment. In our study, the drought was not severe enough to result in long-term reduction in tree vitality. It is, however, possible that repeated severe droughts combined with increased summer temperatures may result in more drastic impacts on growth rate and wood properties of Norway spruce (cf. Rossi et al. 2009 ).
Conclusions
Total lack of rainwater for up to 75 days during four to five consecutive growing seasons caused a limited, but statistically significant, reduction of both radial and height increments in mature Norway spruce in Southern Finland. The reduction in radial increment was due to a smaller number of both earlyand latewood tracheids. The drought treatment caused only small changes in the anatomy of the wood. No statistically significant differences were found in the average tracheid diameter between the drought treatment and control. The average cell wall thickness was higher (7-10%) in the drought-treated trees than in the control, and this difference was statistically significant in Sahalahti. An increased cell wall thickness was found in both early-and latewood tracheids, but the increase was much greater in latewood. The cell wall proportion within an annual ring was increased in the drought-treated trees, consequently increasing wood density. No significant interaction between the drought treatment and N fertilization was found in wood density, which is likely due to fertile study sites and a long time lag between the last N addition and the onset of the drought treatment. According to our results, climate change, which has been predicted to increase the frequency of extreme drought events, may reduce Norway spruce growth but is unlikely to result in large changes in wood properties. Moreover, Norway spruce seems to quickly recover from drought stress.
